The induction of stress-70 (Hsp70) in the blue mussels Mytilus edulis from southern Baltic after exposure to cadmium, lead and copper, administrated individually and/or as a mixture, was investigated by means of standard Western blotting using a clone 3A3 monoclonal antibody. The general course of the stress-70 induction was found to be similar for all tested metals. It could be characterised by three main features: (1) The induction of stress-70 proteins was only slightly increased at low metal concentration. (2) Strong induction of stress-70 occurred at high concentration of metals. Combination of metals (Cd+Cu) was found to increase the stress-70 level more intensely than related concentrations of singularly applied metals. (3) Five weeks of long depuration had no effect on stress-70 levels. Experiments revealed different induction of stress-70 as a response to cadmium, lead and copper exposure and confirm that the applied technique might serve as a versatile tool to assess invertebrate stress reaction to environmentally relevant heavy metals. D
Introduction
The Hsp70 (stress-70 proteins family, using the terminology of Gething and Sambrook, 1992 ) is widespread in plants, bacteria and animals (Depledge, 1994) . Composition of stress-70 is phylogenetically highly conserved (Rensing and Maier, 1994) . Stress-70 are synthesised intensively in cell under a variety of harmful stimuli, including heat, heavy metals, organic poisons, injuries, diseases and other stressors (Morimoto, 1993) . It represents a general response of cells to various environmental stress situations (proteotoxic, leading to protein denaturation) (Sanders, 1993) . Therefore, the induction of stress proteins can be used as an indicator of a proteotoxic stress to organisms, thus representing a suitable biomarker for the assessment of the toxic impact of different environmental stressors on a variety of biota (Sanders, 1993) .
In marine ecosystem, mussels are especially suitable for biomarker studies (Lundebye et al., 1997; Smerdon et al., 1995; Tedengren et al., 1999) , since they live in direct contact with sediments and show most of the attributes usually required of bioindicator organisms: they are widespread, easily collected and hatched in the laboratory. Moreover, they show a high accumulation rate of most toxicants, including heavy metals (Fischer, 1988; Viarengo and Canesi, 1991) . Since their internal metal concentrations correlate with the contamination of their habitat, they have often been used as indicators of metal pollution (Fischer, 1988) . Stress proteins have been already used as biomarkers of metal accumulation by mussels (Sanders, 1993; Tedengren et al., 1999) .
The majority of laboratory experiments on stress-70 as a biomarker of heavy metal toxicity and exposure have concentrated on a single heavy metal (Radlowska and Pempkowiak, 1996, 1998; Sanders, 1993; Vedel and Depledge, 1995; Lundebye et al., 1997) . This makes difficult the comparison of stress-70 induction intensity in the presence of different heavy metals. Moreover, due to the different geogenic and anthropogenic sources of heavy metals, free-living animals are simultaneously exposed to a number of metals in their habitat. This calls for investigation of effects caused by mixtures of metals.
In this paper, we present results from a study on stress-70 induction in blue mussel Mytilus edulis exposed to cadmium, lead and copper administrated to the mussels either individually and/or as a mixture. 2. Material and methods 2.1. Mussels origin and heavy metal exposure Baltic blue mussels M. edulis were collected from the Gulf of Gdansk, southern Baltic (average water salinity 7.0%). Mean shell length of the mussels selected for experiments was 2.5-3.5 cm.
The animals were kept in aquaria filled with aerated seawater (salinity 7%) at 10°C without feeding for 1 week of acclimatisation prior to the experiment. Twenty mussels were kept in 15 dm 3 of seawater. After acclimatisation, the animals were exposed in three separate tanks for 8 days to increased concentrations of metals: 0.01-ppm Cd, 0.2-ppm Cd (II), 0.2-ppm Cu (II), 0.2-ppm Pb (II) or a mixture of Cu (0.1 ppm) and Cd (0.1 ppm).
Samples derived from mussels collected before the exposure to metals started were also analysed and designated as controls (C).
Composite samples of gills dissected from five mussels were prepared for analysis. The tissues were homogenised in Tris -HCl buffer. Aliquots of homogenate were centrifuged. Concentrations of proteins were determined by the method of Bradford (1976) , with bovine serum albumin as a standard. The extracted proteins were solubilized in SDS sample buffer and heated at 80°C for 5 min. The content of stress-70 was detected using Western immunoblotting method.
SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting analysis
One-dimensional SDS-PAGE was performed according to the procedure of Laemmli (1970) . Proteins were separated on 10% resolving gel, with 5% stacking gel. Total proteins (20 mg) were applied. Western blotting and immunodetection was performed according to the procedure described earlier by Radlowska and Pempkowiak (1996) .
In short, proteins were transferred to Immobilon using a semidry unit. Then, membranes were stained for 5 min with Ponceau S to visualise and mark the position of the proteins used as molecular weight standards. After removing the Ponceau S by rising with water, the blots were incubated in TBS buffer containing 3% nonfat dry milk to block nonspecific binding sites. Immunological detection of stress-70 proteins was performed using commercial antiserum against Hsp70-clone 3a3 (Affinity BioReagents), which proved more sensitive than other antibodies (Radlowska and Pempkowiak, 1998) . The antibody was produced from a hybridoma, the product of a fusion between SP2/o myeloma cells and splenocytes from BALB/c mice immunised with recombined human Hsp70 previously induced in E. coli. The membranes were incubated overnight in a 1:5000 dilution of antibody in TBS-milk solution. The blots were then reacted with commercial goat antimouse antibody conjugated to alkaline phosphatase. The immunocomplex was developed using p-nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate visualisation system, as described by Smerdon et al. (1995) .
Western blots were quantitated by densitometry using a model UVP E.A.S.Y. Enhanced Analysis System (Cambridge, UK).
Heavy metals in soft tissue of M. edulis
Aliquots of the composite gills sample were analysed for cadmium and copper contents after drying (60°C) to constant weight. The samples (200-mg dry mass) were wet digested (HNO 3 -HClO 4 ). Excess acids were evaporated and dry residue was dissolved in 0.1-M HCl and analysed for the total metal content in a Thermo Jarrel Ash model Video 11 E spectrophotometer equipped with background correction, directly or after dilution. Flame mode was used throughout the measurements.
Results
After exposure of blue mussels M. edulis to the tested heavy metals, stress-70 proteins bands in extracts from gill tissue in the immunoblots exhibited different intensities. Fig. 1 . Western blotting analysis of stress-70 in extracts from gills of M. edulis control and exposed to cadmium (0.2 ppm) for 8 days: 1, molecular weight standards; 2, control; 3, first day of exposure; 4, third day of exposure; 5, fifth day of exposure; 6, eighth day of exposure. Example of a typical blot is presented in Fig. 1 . Results of densitometric measurements of the bands are summarised in Figs. 2 and 3 .
In reaction to cadmium, the induction of stress-70 was found to be dependent on both concentration and time (Fig. 2) . Exposure of mussels to low concentration of cadmium (0.01 ppm) did not cause statistically significant differences in stress-70 levels between control and test animals. On exposure to 0.2-ppm Cd, an elevated level of stress-70 equal to 175% and 350% of control was recorded after 2 and 8 days, respectively. Also, when exposed to lead, mussels reacted with the significant increase in stress-70 levels, to (260%) of control on the eighth day (Fig. 3) . The induction of stress-70 caused by the copper concentration equal to 0.2 ppm was 240% as compared to control (Fig. 3) . Copper was found to be the least potent stressor for M. edulis of the three metals tested.
The general shape of the response curve to metal mixture mirrored the stress response to single metals: increasing time of exposure led to ever elevated stress-70 levels (Fig. 3) . The most intense stress reaction (335% of the control level) was observed after 8 days long exposure to mixture composed of 0.1-ppm Cd and 0.1-ppm Cu. The maximum stress reaction was reached for cadmium followed by metals in mixture (Cd and Cu). Singly applied metals (Pb and Cu) produced less intensive induction.
Mussels exposed for 8 days to 0.2-ppm Cd were subjected to a depuration experiment. At the end of exposure, they were transferred to unspiked seawater, and stress-70 was measured in the course of depuration. After 3 and 5 weeks of depuration, mussels exhibited a high degree of interindividual variability in stress-70 level (Fig. 4) . At the end of the depuration period, levels of stress-70 were similar to the levels found at the end of exposure.
Discussion
The reported investigations revealed differences between the expression of stress-70 in mussels exposed to three metals and a metal mixture. The increased level of these stress proteins was found to be time-and concentrationdependent and therefore a good marker for metal exposure. The increasing level of the accumulated metals in the gills of blue mussels was detected already after 1 day of exposure and resulted from a linear accumulation of cadmium and copper (Fig. 5) . This confirms results of earlier studies (Fischer, 1988; Kȯzuch and Pempkowiak, 1994; Kohler et al., 1996) . The increase of metals in soft tissue of the organisms parallels the increasing concentration of the element in marine environment. This indicates that the mechanisms of metal transport through cell membranes are very efficient. Blue mussels seem to have a huge capacity to accumulate metals, especially cadmium, without visible damage to the organisms. This is most often explained by the binding capacity of this metal by metallothioneins in the organisms (Nolan and Duke, 1983; Viarengo and Canesi, 1991) .
Regarding the investigated concentrations of singly applied metals, cadmium revealed the strongest proteotoxic impact of all the tested metals. The higher uptake level of cadmium compared to lead (Hopkin, 1994 ) is likely to account for the less prominent stress-70 induction in response to lead as observed in the present study. Slower accumulation of copper as compared to cadmium (Fig. 5 ) may also contribute to limited induction of stress-70 in mussels exposed to the metal. In response to increasing metal burden, the levels of stress proteins increased too. Earlier studies, indicating ever increasing metal content in soft tissue of mussels exposed to metals for 50 days Fig. 5 . The relationship between metal content and time in gills of M. edulis exposed to cadmium and copper. Fig. 4 . Relative levels of stress-70 [means (n=3) and standard errors] in gills of blue mussels M. edulis exposed to cadmium for 8 days and after 3 and 5 weeks of depuration. Fig. 3 . Relative levels of stress-70 [means (n=3) and standard errors] in gills of blue mussels M. edulis exposed to copper (0.02 ppm, grey bars), lead (0.2 ppm, black bars) and a mixture of cadmium (0.1 ppm) and copper (0.1 ppm white bars); C control (control, no exposure). , most likely account for the phenomenon. Based on our results, the proteotoxic impact of cadmium on M. edulis should be regarded as the most prominent of the three tested metals. Lead and cadmium exhibit the smallest concentrations in the Baltic Sea. In the Southern Baltic, concentration of Pb and Cd in sea water are on the level of 5-10 ng/dm 3 (Pempkowiak et al., 2000) , while in the sediments, average concentrations are equal to 50 (Pb) and 1.2 mg/g (Cd) (Pempkowiak et al., 1999) .
The stress response to heavy metal combination could likewise be explained as described for singly applied metals. Although mirroring this general course, metals administrated in combination showed higher toxic potentials than the single components. Whether this increased effect of metal mixture is based on the pure addition of the toxic impact of each of the mixture components or whether the combination of metals acts in a synergistic way on intercellular protein integrity is still an open question.
The lack of stress-70 dynamics on depuration can be best explained by inability of mussels to excrete accumulated metals. This was documented in our earlier studies (Kozuch and Pempkowiak, 1994) . In a 7-week long depuration experiment, the high concentration of cadmium, both in soft tissue of mussels and in gills, reached after 7 days of long exposure to the metal, was maintained at statistically similar level.
